Enamelin (ENAM) has been shown to be a crucial protein for enamel formation and mineralization. Previous molecular analyses have indicated a probable origin early in vertebrate evolution, which is supported by the presence of enamel/ enameloid tissues in early vertebrates. In contrast to these hypotheses, ENAM was only characterized in mammals. Our aims were to 1) look for ENAM in representatives of nonmammalian tetrapods, 2) search for a pseudogene in the chicken genome, and 3) see whether the new sequences could bring new information on ENAM evolution. Using in silico approach and polymerase chain reaction, we obtained and characterized the messenger RNA sequences of ENAM in a frog, a lizard, and a crocodile; the genomic DNA sequences of ENAM in a frog and a lizard; and the putative sequence of chicken ENAM pseudogene. The comparison with mammalian ENAM sequences has revealed 1) the presence of an additional coding exon, named exon 8b, in sauropsids and marsupials, 2) a simpler 5#-untranslated region in nonmammalian ENAMs, 3) many sequence variations in the large exons while there are a few conserved regions in small exons, and 4) 25 amino acids that have been conserved during 350 million years of tetrapod evolution and hence of crucial biological importance. The chicken pseudogene was identified in a region that was not expected when considering the gene synteny in mammals. Together with the location of lizard ENAM in a homologous region, this result indicates that enamel genes were probably translocated in an ancestor of the sauropsid lineage. This study supports the origin of ENAM earlier in vertebrate evolution, confirms that tooth loss in modern birds led to the invalidation of enamel genes, and adds information on the important role played by, for example, the phosphorylated serines and the glycosylated asparagines for correct ENAM functions.
Introduction
Enamelin (ENAM), ameloblastin (AMBN), and amelogenin (AMEL) constitute the enamel matrix protein (EMP) family, a group of proteins that belongs to the large family of secretory calcium-binding phosphoproteins (SCPP) recently identified by Kawasaki and Weiss (2003) . It is well established that these three constitutive proteins play an essential role during enamel matrix formation, organization, and mineralization. ENAM, the largest protein in the enamel matrix of developing teeth, comprises only 5% of the total EMPs (Termine et al. 1980 ) but is probably a crucial member of the family. Indeed, in the ENAM À/À mice, the mineral that forms on dentin is not true enamel and easily crumbles as also described in AMBN À/À mice (Hu et al. 2008; Smith et al. 2009 ). In contrast, enamel is present in AMEL À/À mice, although it displays severe hypoplasia (Gibson et al. 2001; Fukumoto et al. 2004; Smith et al. 2009 ). In humans, nine autosomal-dominant or -recessive mutations of ENAM were reported to lead to a genetic disease, amelogenesis imperfecta (Hart et al. 2003; Kim et al. 2005; Kang et al. 2009) . A recent evolutionary analysis of ENAM in mammals, that is, covering approximately 200 million years (My) of evolution, enlighted several well-conserved residues and motifs, which indicates important functions resulting from long-lasting natural selection (Al-Hashimi et al. 2009 ).
Recent knowledge of the relationships among EMP genes has brought additional support to ENAM as being probably the oldest member of the family. Comparative studies of EMPs in tetrapods, performed in order to trace back the EMP origins, relationships, and mode of evolution, have suggested that AMEL was derived from a duplication of AMBN and that the latter was created after a duplication of ENAM (Sire et al. , 2006 (Sire et al. , 2007 . In addition, molecular data also suggested that at least one EMP was present by the end of the Precambrian period, 600-550 million years ago (Ma) (Delgado et al. 2001; Sire et al. 2007) ; if these assumptions are correct, this EMP, therefore, should be ENAM, and this would mean that ENAM differentiation occurred probably long before the early jawless vertebrates acquired a mineralized skeleton. This first EMP was probably created from a duplication of SPARC-L1, itself derived from SPARC (Delgado et al. 2001; Kawasaki and Weiss 2003, 2006; Kawasaki et al. 2004 Kawasaki et al. , 2005 Sire et al. 2007; Kawasaki 2009 ).
Enameloids and/or enamels, the highly mineralized tissues that protect tooth-like elements, such as odontodes, denticles, and a variety of scales, were identified in the dermal skeletal elements of jawless and jawed vertebrates that have lived approximately 450 My (Janvier 1996; Donoghue and Sansom 2002; Donoghue et al. 2006; Sire et al. 2009 ). These hypermineralized fossilized tissues display a characteristic structure, highly reminiscent of that of enameloids and/or enamels in extant species. We know, for instance, that the forming enameloid matrix in teleost fish contains collagen type I, which is synthesized both by the odontoblasts and by the ameloblasts (Kawasaki et al. 2005; Huysseune et al. 2008) . Then, the enameloid matrix is mineralized as enamel through a process of maturation. Such a structural similarity allows to infer that the enamel matrix in early osteichthyans was 1) composed with the same proteins, 2) deposited by similar differentiated cells (ameloblasts), and 3) built through similar spatiotemporal processes as described in living species. Therefore, the forming enamel matrix of these ancestral osteichthyans certainly consisted of a combination of EMPs, especially when considering that the EMPs are enamel-specific proteins (Deméré et al. 2008; Sire et al. 2008; Meredith et al. 2009 ). The history of enamels, and probably of enameloids, started when the EMPs (or at least one of them) were recruited to build these tissues in early vertebrates.
In contrast to these findings that support an ancient origin for the EMP genes, and in particular of ENAM as being the ancestor of the family, EMP genes have only been characterized in the tetrapod lineages, that is, mammals, reptiles, and amphibians (Toyosawa et al. 1998; Shintani et al. 2002 Shintani et al. , 2003 Hu and Yamakoshi 2003; Al-Hashimi et al. 2009 ). The presence of AMEL and AMBN in all extant tetrapod lineages indicates that these EMP genes at least existed in a common ancestor of the tetrapod lineages and that their recruitment predated the divergence between the amphibian and amniote (mammals, reptiles, and birds) lineages, which occurred approximately 350 Ma (Hedges 2002) .
The fact that ENAM was only characterized in mammals seemed to contradict our hypothesis that ENAM is the oldest and most important EMP. In order to test the hypothesis that ENAM was present in nonmammalian tetrapods, we looked for this gene in genome sequences of both an amphibian, Xenopus (Silurana) tropicalis, and a lizard, Anolis carolinensis. We fulfilled this objective, and two complementary issues appeared when obtaining these sequences. First, we were able to obtain messenger RNA (mRNA) sequence of ENAM in a crocodile as well as in these two species. The second issue concerned chicken ENAM. In a previous study using in silico approaches, we localized AMEL pseudogene (w) in the chicken genome, but all attempts to look for wENAM were unsuccessful. We concluded that after being invalidated, ENAM probably disappeared from the genome after chromosomal rearrangement ). However, by using an in silico approach to localize the target region on chicken chromosomes, we found the chicken wENAM in an unexpected region of the chicken genome compared with ENAM location in mammalian genomes.
Materials and Methods

Biological Materials
A 1-month-old Crocodylus niloticus (Crocodylidae; the Nile crocodile, hereafter referred as crocodile), a juvenile Anolis carolinensis (Iguanidae; the green anole, hereafter referred as lizard), and a young adult X. (Silurana) tropicalis (the Western clawed frog, hereafter referred as frog) were used.
The animals were sacrificed according to the guidelines of ethics committees. Immediately after dissection, the jaws were immersed in liquid nitrogen and reduced to a thin powder. Total RNA was purified (Rneasy Midi; Qiagen S.A.), mRNAs were isolated (Oligotex; Qiagen S.A.), and aliquoted.
Search in Databases
Xenopus tropicalis ENAM The fourth assembly of the frog genome (X. tropicalis 4.1) was searched for ENAM in Ensembl (http://www.ensembl.org/Xenopus_tropicalis/Info /Index). Blasting the frog genome using mammalian ENAM sequences provided no results. Therefore, we proceeded using gene synteny. First, we found AMBN (ENS-XETT00000000694) in scaffold 392 of the frog genome sequence. Because AMBN is always the closest gene upstream to ENAM in mammalian chromosomes, we extracted 200 kilobases (kb) of genomic DNA (gDNA) downstream AMBN. Then, the target region was explored with UniDPlot, a software package designed to screen DNA regions showing a weak sequence similarity (http://www .ese.u-psud.fr/epc/conservation/UniDPlot/) . The first BLAST search was performed using 100 base pairs (bp) of the conserved 5# region of the putative ancestral sequence of mammalian ENAM exon 10 (Al- Hashimi et al. 2009 ). This led to one hit in the target region. This short sequence was translated into an amino acid (aa) sequence and identified as frog ENAM by means of alignment with mammalian sequences using Se-Al v2.0a11 software (http://tree.bio.ed.ac.uk/software/seal) (Rambaut 1996) . Then, the gDNA region potentially housing ENAM (25 kb on both sides of the first hit) was explored with UniDPlot, using each exon of the ancestral mammalian ENAM as template. Most of the frog ENAM sequence was identified, including the exon-intron boundaries: downstream, ENAM exon 10 was completed up to the stop codon, and upstream, from the beginning of exon 10 to exon 5. These sequences were translated into amino acid sequences then validated by means of alignment with mammalian ENAMs.
The full-length gDNA ENAM sequence of the frog was similarly recovered using the cDNA sequences obtained with Rapid Amplification of cDNA Ends-polymerase chain reaction (RACE-PCR) (see below).
Anolis carolinensis ENAM
The first assembly of lizard genome (AnoCar1.0) was searched for ENAM (http://www.ensembl.org/Anolis_carolinensis/ Nonmammalian Enamelins · doi:10.1093/molbev/msq098 MBE info/index) as described above for the frog ENAM. ENAM was found in scaffold 312.
Mammalian ENAMs
The sequences of mammalian ENAMs available in GenBank were used to look for the presence of an additional exon 8b within intron 8. The full sequences were extracted using their accession number (32 recently published (Al-Hashimi et al. 2009 ) with the indication of lineage relationships following mammalian phylogeny (Springer and Murphy 2007) . Readers can refer to this alignment for further information. Exons 8 and 9 sequences were identified and used to blast the mammalian genomes available in databases (NCBI and Ensembl). The nucleotide sequences of intron 8 were extracted and explored with UniDPlot, using the lizard and crocodile exon 8b sequence.
Previously, we showed that ENAM sequences were conserved within the six major mammalian lineages (AlHashimi et al. 2009 ). Therefore, in order to characterize the nonmammalian ENAM sequences obtained in this study, we chose representative mammalian ENAM sequences: Homo sapiens (of 11 full-length ENAM sequences available in the primate lineage), Mus musculus (8 ENAM in Glires), Sus scrofa (10 ENAM in leurasiatherians), Loxodonta africana (4 ENAM in afrotherians), Monodelphis domestica (2 ENAM in marsupials), and Ornithorhynchus anatinus (1 ENAM in monotremes).
Gallus gallus ENAM
In modern birds, tooth-specific EMPs have been invalidated since approximately 100 Ma, the estimated date from which the ancestor of modern birds lost the capability to develop teeth Davit-Béal et al. 2009 ). As a consequence, chicken EMPs, although having accumulated numerous mutations, might still be present in the chicken genome as pseudogenes, as recently demonstrated for chicken wAMEL ).
Because it was not possible to find long-lasting invalidated gene sequences in the chicken genome using BLAST, we searched for the chicken ENAM in the genomic region where the genes syntenic to ENAM were found in the lizard genomic sequence. Once the ENAM sequence was localized in the lizard genome, we explored the regions on both sides of this gene to find genes that could be also annotated in the chicken genome (last genome assembly: build 2.1 at http://www.ensembl.org/Gallus_gallus/index.html). Then, we extracted the target region from the chicken genome and searched for chicken wENAM with UniDPlot using the conserved regions of lizard, crocodile, and mammalian ENAM sequences.
Molecular Analyses
Sequence Alignment
The protein-coding regions of nonmammalian ENAM sequences were translated into putative amino acid sequences, aligned to the published mammalian ENAM sequences using Clustal X 2.0.12 (Higgins et al. 1996) , and manually corrected using Se-Al v2.0.
Signal Peptide Analysis, Cleavage Site, Remarkable Residues, and Amino Acid Composition The putative signal peptides (SPs) were analyzed using SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP). This software predicts the location of the three characteristic regions (n, h, and c regions) in a SP, the putative cleavage site of the SP, and calculates the probability of each predicted SP to be functional. The sequences were scanned for remarkable domains using Prosite database (http:// www.expasy.ch/prosite). The amino acid composition of frog, lizard, crocodile, opossum, and human ENAM sequences was calculated using THGS database (Transmembrane Helices in Genome Sequences: http://144.16.71.10/thgs /index.html). The residue proportion was determined for the entire sequence, for the P/Q-rich and the putative 32-kDa regions, and for exon 10 encoded sequences.
Substitution Rate Analysis
In order to estimate the substitution rates among the different lineages, we performed a phylogenetic analysis using HyPhy (for Hypothesis testing using Phylogenies) software (http://hyphy.org; Kosakovsky Pond et al. 2005 ) based on Maximum Likelyhood. In order to calculate the substitution rate, we used the JTT model (Jones et al. 1992 ) based on SWISSPROT version 22 data. The topology was fixed as follows: (frog, (lizard, crocodile), (platypus, (opossum, (elephant, (pig, (mouse, human) ))))).
Molecular Clock Analysis
In order to determine the origin of rate variation among the different lineages, a molecular clock test was performed using HyPhy method on JTT model (Jones et al. 1992 ) based on SWISSPROT version 22 data. Both the local and the global molecular clocks were tested. The local molecular clock was tested using the ''molecular clock'' module and the ''local molecular clock'' module, the latter being especially developed for such an analysis. For each test, the topology was fixed as described above. A P value derived from a two-tailed extended binomial distribution was used to assess significance.
PCR Amplification mRNAs were converted to cDNA by a reverse transcriptase using an oligo(dT) 18 primer (First Strand cDNA; MBI Fermentas). ENAM transcripts were recovered from cDNA using normal, then RACE-PCRs. In the frog and lizard, the primers were defined from the gDNA sequence. In the crocodile, the primers were constructed for phylogenetically conserved regions identified from the alignment of mammalian and lizard ENAMs. All primers were designed using Primer3 (v.0.4.0) software (http://frodo.wi.mit.edu/).
Normal PCR
Each PCR was performed in a total volume of 50 ll containing 500 ng of cDNA, 0.2 lM of sense and antisense primers, 1Â GoTaq reaction buffer, 0.2 mM dNTPs, and 1.25 U of GoTaq DNA Polymerase (Promega). Amplification was Al-Hashimi et al. · doi:10.1093/molbev/msq098 MBE performed in a thermal cycler (G-Storm GS1; GRI, UK) for 30 cycles, each cycle consisting of 1 min of denaturation at 94°C, 1 min of annealing at 50-60°C (depending on the primers), and 1 min of extension at 72°C. The final extension was for 20 min at 72°C. Expected fragments were amplified and sent to GATC Biotech SARL (http://www .gatc-biotech.com/fr/) for sequencing.
þ Primers used for lizard ENAM: Ano 1 (sense: 5#-AATCCCTATTTTGGACCTGGC-3#) was designed to hybridize the 5# region of exon 10, Ano 2 (antisense: 5#-GTCTGGTGATGAGTTGGATTGTAT-3#) for the central region of exon 10, Ano 3 (antisense: 5#-TGCTGGA-GATTGGCTCTGG-3#) for the end of the coding region of exon 10, Ano 4 (sense: 5#-TTTGGAAGTAAGAGTGAA-GAA-3#) for exon 5, and Ano 5 (antisense: 5#-CATCTCTT-CAGAATAATATGGAGG-3#) for the 5# region of exon 10.
þ Primers used for crocodile ENAM: Croc 1 (sense: 5#-GGATTTGGAAGTAAGAGTG-3#) for the 3# region of exon 5 and Croc 2 (antisense: 5#-TATTATTCTGAAGAAA-TGTTTG-3#) for the 5# region of exon 10.
3# and 5# RACE-PCR
The reverse transcriptase-PCR method of RACE was used to complete the mRNA sequences of lizard and crocodile ENAM upstream and dowstream, the regions obtained with normal PCR, and to find the mRNA sequences upstream and downstream, the 5# and 3# regions of exon 10 of frog ENAM gDNA. Most of the large gDNA sequence of exon 10 was conserved for our analysis. The RACEs allowed us to identify the transcription and termination site at the 5# and 3# end of the mRNAs, respectively. PCR master mix was used for the 3# and 5# RACE reactions. For each PCR the mixture (50 ll) was composed of 34.5 ll PCR-grade water, 5 ll 10X Advantage 2 PCR buffer, 1 ll dNTP mix (10 mM), 1 ll 50X Advantage 2 polymerase mix, 1 ll 3# or 5# RACE primers (GSP1 or GSP2), 5 ll universal mix primer, and 2.5 ll RACE cDNA. We use a specific touch down thermal cycling program for the RACE reaction as follows: 5 cycles (94°C for 30 s and 72°C for 3 min); 5 cycles (94°C for 30 s, 70°C for 30 s, and 72°C for 3 min); and 20 cycles (94°C for 30 s, 68°C for 30 s, and 72°C for 3 min). The first run was always followed by a Nested PCR. Sequencing was performed by GATC.
þ Primers used for the RACEs: 5#-RACE: Xenopus-GSP1 (antisense: 5#-TTCAGCCTTTGCAGGTTCCTCATC-3#), then (nested): Xenopus-NGSP1 (antisense: 5#-CATTGTTAGTTG-TGGCGTTTCCTT-3#), Anolis-GSP1 (antisense: 5#-GCTTA-AGTCGTGGCCTGCTGTTTGGTTT-3#), then Anolis-NGSP1 (antisense: 5#-AACTGGCATCTGTTGTGGCCAGAGGTAA-3#) were designed for the 5# region of exon 10 to amplify the 5#-untranslated region (UTR); Crocodile-GSP1 (antisense: 5#-GCAGGGGGTTGTACTGGTTTCTGTTGC-3#), then Crocodile-NGSP1 (antisense: 5#-CATACTGGCTGCTGCTGGAA-GACCTGT-3#) were designed for exon 7 to amplify the 5# UTR.
3#-RACE: Xenopus-GSP2 (sense: 5#-AACCAGGCCTACT-GCATCTTTGTT-3#), then (nested) Xenopus-NGSP2 (sense: 5#-AACTCAGTGCAGATGCAATACCAG-3#), Anolis-GSP2 (sense: 5#-CCAAGAGGATCCCGTGTTTTGGAAGC-3#), then Anolis-NGSP2 (sense: 5#-CCAGAGCCAATCTCCAGCAGCT-TTC-3#) were designed for the end of exon 10 coding region to amplify the 3# UTR.
Crocodile-GSP2 (sense: 5#-GCCTTGGCACATCCCACA-GATTTACAA-3#), then Crocodile-NGSP2 (sense: 5#-AACCCACAACACAGACAAATGCCTCCA-3#) were the first designed primers for exons 8a/8b and 8b/9 to amplify exon 10 and the 3# UTR.
Results
Frog ENAM
We found part of ENAM in the frog genome, available in Ensembl. Then, we amplified ENAM cDNA using PCR primers designed on the genomic sequence from a frog studied in our laboratory and determined the cDNA sequence, with the exception of the middle portion of the large exon 10. A comparison of the cDNA and gDNA sequences allowed us to define all the exon-intron boundaries, intron length, the transcription start site (TSS), and the polyadenylation signal of frog ENAM (supplementary material S1, Supplementary Material online). A single PCR product was always observed, which indicates that frog ENAM is transcribed as a single isoform (no alternative splicing), at least in the jaws. Three ATGs, that is, putative translation initiation site (TIS), are located in the 5# region of the ENAM transcript: one in exon 1 and two, adjacent, in the second exon (supplementary material S1, Supplementary Material online). The ATG in exon 1 has pyrimidines at both the À3 and the þ4 positions. This weak Kozak consensus suggests that this ATG is not really a potential TIS (Kozak 1981) . Both ATGs in the second exon have purines at both the À3 and the þ4 positions. They meet the requirements of valid ATGs. In the second exon, the gDNA and cDNA sequences differ in that the latter has 1) four additional nucleotides located before the ATGs and 2) a substitution G/T in the 3# coding region that changes the residue from Ala to Ser. In order to identify coding exons by means of sequence similarity, these sequences were translated into putative amino acid sequences and then aligned with several mammalian ENAMs. In both sequences, the only two putative TIS located in the second exon led to a correct reading frame and did not generate a stop codon downstream. Using SignalP 3.0, these two TIS were predicted as valid in both the gDNA and the cDNA sequences (P 5 0.999 and 0.998, respectively), and the cleavage site was predicted to occur between Ala/Ser 17 and Val 18 with a probability of 0.865 and 0.880, respectively ( fig. 2) . Therefore, the most 5# ATG in the second exon is chosen as the very probable correct TIS. The SP of frog ENAM is composed of 17 aa, and the first two residues of the mature protein are encoded by the six nucleotides coded by the end of the second exon.
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The second exon of frog ENAM displays sequence similarities with mammalian ENAM exon 4, including a methionine codon at a similar position. Therefore, we considered both exons are orthologous and referred the second exon of frog ENAM as exon 4 ( fig. 1 ). Exons 2 and 3, which are present in mammalian ENAMs, are absent in the frog.
Frog ENAM is encoded by seven exons ( fig. 1 ). The first protein-coding exon, exon 4, is composed of 72 bp, and it starts with 15 untranslated nucleotides in our cDNA. The other exons are distributed into four small and two large exons. The 5# UTR is composed of 77 nucleotides distributed in exon 1 and the beginning of exon 4 (15 bp). The 3# UTR consists of 127 nucleotides located at the end of exon 10. All coding exons are in phase 0, that is, introns do not split codons. The seven exons encode a protein of 1,072 amino acids (figs. 1 and 2). Compared with various other proteins (McCaldon and Argos 1988), frog ENAM is particularly rich in proline, asparagine, serine, and glutamine, whereas poorer in leucine, lysine, alanine, valine, lysine, and aspartic acid (supplementary material S2, Supplementary Material online). The proline/glutamine-rich domain (aa 61-181) is encoded by exons 7, 8, and 9. In addition to its high number of prolines and glutamines, this region is also characterized by a large percentage of leucine and is particularly poor in acidic residues. The putative 32-kDa region of frog ENAM (deduced from the alignment with that of pig) is particularly rich in alanine, glycine, serine, glutamic acid, threonine, and asparagine, together representing more than 60% of its content. The large sequence encoded by the rest of exon 10 (representing nearly 80% of the entire sequence) is roughly similar to that of the fulllength sequence (supplementary material S2, Supplementary Material online).
The comparison of the ENAM-coding sequences of the two frogs (ours and that available in Ensembl) revealed the presence of six single-nucleotide polymorphisms (SNPs), with the exception of exon 10, for which the cDNA was only sequenced in the 5# and 3# regions (supplementary material S1, Supplementary Material online). Of the six nucleotide differences, two are synonymous (not changing amino acid) and four are nonsynonymous (changing amino acid). Interestingly, one of these variable residues (Ala/Ser) is located at the SP-cleavage site.
A number of functionally important amino acids that were identified in porcine ENAM by Hu et al. (2005) are present in frog ENAM ( fig. 2) . They are the three putatively phosphorylated serines (SXE motifs) in the region encoded by exon 5 (SEE), exon 9 (SNE), and the beginning of exon 10 (SEE); the three putatively N-glycosylated asparagines in the region encoded by the beginning of exon 10 (NTT, NST, and NAT); and seven cysteines in the C-terminal region. An RGD motif (aa 756-758) is located in the Cterminal region ( fig. 2 ).
Lizard ENAM
We identified the ENAM gene in the lizard genome sequence, available in Ensembl. Then, using primers designed from this sequence, we isolated this gene and determined Nonmammalian Enamelins · doi:10.1093/molbev/msq098 MBE the full-length sequence of ENAM cDNA using the specimen studied in our laboratory. Exon-intron boundaries, intron length, and 5# and 3# UTR were defined (supplementary material S3, Supplementary Material online).
Lizard ENAM occupies 29.4 kb in scaffold 132 and is transcribed as a single isoform. The transcript consists of 4,807 nucleotides distributed into ten exons, and the proteincoding region is 3,294 bp in length ( fig. 1 ). Six putative TIS are located in the 5# region of the transcript: four in the second and two in the third exon (supplementary material S3, Supplementary Material online). Only the two TIS located in the third exon led to a correct reading frame, and they were both predicted as valid (SignalP 3.0, P 5 0.997 and 1.0, respectively). In both cases, the cleavage site was predicted to occur between Ala 19 and Val 20 with a probability of 0.998 ( fig. 2) . By assuming that the first TIS should be the right one, the SP of lizard ENAM is composed of 19 aa, and the two residues of the protein are encoded by the last six nucleotides of the third exon. This exon shows sequence similarities with mammalian ENAM exon 4 and was therefore named exon 4 ( fig. 1 ). In contrast to mammals, there was no functional TIS identified in one of the two exons located upstream lizard ENAM exon 4. Any of these two non-protein-coding exons showed sequence similarities with mammalian ENAM exon 3: We considered exon 3 being absent in lizard ENAM, and the two noncoding exons located at the 5# end of the lizard ENAM transcript were called exon 1 and exon 2. However, they display no sequence similarity with exons 1 and 2 of mammalian ENAMs.
Sequence alignment of frog, lizard, and mammalian ENAM transcripts revealed that lizard ENAM possessed an additional coding exon located between exons 8 and 9 ( fig. 1 ; supplementary material S3, Supplementary Material online). In order to conserve the current nomenclature of ENAM exons, we named this additional exon, exon 8b, and the former exon 8 was named exon 8a. Lizard ENAM is therefore encoded by eight exons. The 5# extremity of the first coding exon, exon 4, includes ten non-protein-coding nucleotides. The following exons are distributed into five small and two large exons. The 5# UTR is composed of 222 nucleotides distributed in exon 1, exon 2, and the beginning of exon 4. The 3# UTR consists of 1,246 nucleotides located at the end of exon 10. All coding exons are in phase 0. The eight exons encode a protein of 1,098 amino acids (figs 1 and 2). Compared with the average overall amino acid composition of other proteins, lizard ENAM is richer in proline, glutamine, serine, asparagine, glutamic acid, arginine, and tyrosine, whereas it is poorer in leucine, alanine, lysine, and valine (supplementary material S2, Supplementary Material online). The proline/glutamine-rich domain, encoded by exons 7, 8a, 8b, 9, and beginning of exon 10 (aa 62-227) possesses a high number of prolines and glutamines and is also characterized by a large percentage of glycine and phenylalanine. In contrast, it is particularly poor in serine and acidic residues. The putative 32-kDa region of lizard ENAM deduced from the alignment is particularly rich in glycine, serine, glutamic and aspartic acids, threonine, proline, phenylalanine, and asparagine. Altogether, these amino acids represent more than 60% of the residues of this region. The amino acid composition of the large sequence encoded by the rest of exon 10 is roughly similar to that of the full-length sequence with a large number of serines, glutamic acids, arginines, and asparagines (supplementary material S2, Supplementary Material online).
Comparison of the ENAM-coding sequences in the two specimens reveals the presence of 43 SNPs (supplementary material S3, Supplementary Material online). There are 32 synonymous and 11 nonsynonymous differences. We also identified an insertion of 46 bp in the 3# UTR of our transcript compared with the sequence available in GenBank.
The important amino acids identified in mammalian ENAMs are present in lizard ENAM ( fig. 2 ): three putatively phosphorylated serines, three putatively N-glycosylated asparagines, and six cysteines in the C-terminal region. An RGD motif (aa 740-742) is present in the C-terminal region ( fig. 2 ).
Crocodile ENAM Our PCR using crocodile cDNA yielded a product of expected size (approximately 600 bp). The product was sequenced, translated into an amino acid sequence, validated by means of alignment with lizard ENAM, and identified as a partial sequence of crocodile ENAM, that is, from the end of exon 5 to the beginning of exon 10. Using 5# and 3# RACE-PCRs, transcript sequences were obtained from the end of exon 5 toward the 5# extremity and from the beginning of exon 10 toward the 3# extremity. After translation into the amino acid sequence, the organization of crocodile ENAM was validated by means of alignment with lizard and mammalian sequences. The complete coding sequence of crocodile ENAM was obtained from exon 4 to exon 10 ( fig. 2) , along with the entire 5# and 3# UTRs (supplementary material S4, Supplementary Material online). Alignment of the 5# UTR of crocodile and lizard ENAM showed sequence similarity between lizard ENAM exon 1 and most of the 5# UTR of crocodile EN-AM (data not shown). This suggests the existence of a single noncoding exon, exon 1, in crocodile ENAM in contrast to two exons in the lizard. Two ATGs are located in the 5# UTR of crocodile ENAM. Curiously, the ATG in exon 1 meets the requirements of a valid ATG, but it is located in an AG-rich region close to the 5# end of exon 1. In fact, the only ATG in the second exon leads to a correct reading frame. Using SignalP 3.0, this ATG was confirmed as the probable TIS (P 5 0.897), and the cleavage site was predicted to occur between Ala 14 and Val 15 (P 5 0.763). We deduced that crocodile ENAM possesses a short SP encoded by exon 4. This SP is composed of 14 aa and the two possible first residues of the mature protein are encoded by the last six nucleotides of exon 4 ( fig. 2) .
The coding sequence of crocodile ENAM consists of 3,279 bp distributed into eight exons, including an additional exon 8b, as identified in lizard ENAM (fig. 1) . The 5# UTR is putatively composed of exon 1 and the beginning The functionally important amino acids identified in mammalian ENAMs are also present in crocodile ENAM ( fig. 2) : three phosphorylated serines, two N-glycosylated asparagines of the three identified in porcine ENAM , and six cysteines located in the C-terminal region. An RGD motif (aa 729-731) is found in the C-terminal region ( fig. 2 ).
The Additional Coding Exon 8b Discovered in Reptilian ENAM Is Present in Marsupials
Given the discovery of an exon 8b in lizard and crocodile ENAM, we tested the hypothesis that this exon either appeared in the sauropsid (birds and reptiles) lineage or was present earlier in ENAM evolution.
In the frog, the cDNA sequence did not contain this additional exon 8b. In order to look for a pseudoexon 8b, indicative of an earlier presence of this exon in tetrapod history, we blasted the frog ENAM intron 8 (2.6 kb) using either the lizard or the crocodile exon 8b; no valuable hit was obtained (less than 50% of nucleotide similarity).
In the two marsupials (opossum and wallaby), in large ENAM intron 8 (5 kb), a sequence of 51 bp was identified as possessing a high nucleotide identity with the two reptilian exon 8b; moreover, it exhibited correct splice sites ( fig. 3A) . This finding, which was already strongly suggested by the presence of coding exon 8b in marsupial ENAM, was furthermore supported by amino acid identity (.60%) with lizard and crocodile ENAM region encoded by exon 8b (fig. 3B) .
In 33 placental species and a monotreme (platypus), EN-AM intron 8 was blasted using opossum, lizard, and crocodile exon 8b. Lineage relationships and genomic mammalian sequences were indicated in our previous paper (Al-Hashimi et al. 2009 ). We found weak similarity (51% identity max.) with these sequences in some of these mammals, and for these species, no correct splice sites were identified. For example, in primates, leurasiatherians and afrotherians, remains of exon 8b were still identifiable in ENAM intron 8 as a pseudoexon sequence. This suggests that this no longer transcribed exon was probably invalidated in the common ancestor of these lineages, more than 100 My (Hedges 2002) . However, such a ''ghost'' sequence of exon 8b was not found in intron 8 of platypus and rodent ENAM. It appears that exon 8b was lost in the platypus lineage independently. The reason why the remnant of exon 8b was not found in rodents may be due to high substitution rates in this lineage.
The presence of exon 8b in both the sauropsid and the mammalian lineages indicates that its origin is to be found before the divergence of these lineages. Although the size of exon 8b is close to that of exon 8a and exon 9, the comparison of the exon 8b sequence with these two exons did not show evidence that exon 8b could have originated from a duplication of either exon 8a or exon 9. However, we cannot exclude this hypothesis because its loss in most mammalian lineages could indicate that functional constraints operating on exon 8b are not strong, and hence, this exon could accumulate numerous mutations.
Comparison of ENAM Sequences in Amniotes
The organization of the coding sequences of frog, lizard, and crocodile ENAM is similar to that of the human and opossum ENAMs ( fig. 1) . However, there are two differences. First, 5# UTR is distributed in three exons in mammalian ENAM, whereas it consists of two exons in the lizard and only one exon in the frog and, probably, in the crocodile ENAM. Interestingly, in mammals both exon 3 and exon 4 contain a putative functional TIS, an organization that is not present in nonmammalian ENAM. The second difference is the presence of an additional exon, exon 8b, in reptiles and opossum, in comparison to the frog and other mammalian ENAM. In the two reptilian ENAMs, exon 5 (45 bp) and exon 6 (42 bp) Nonmammalian Enamelins · doi:10.1093/molbev/msq098 MBE encode the same number of amino acids as in mammals, whereas they are both shorter (36 and 39 bp, respectively) in the frog. Similarly, the sizes of the other exons of nonmammalian ENAM are different from those of the mammalian ENAMs. In particular, the size of exon 7 is much larger, whereas that of exon 10 is considerably smaller in mammals.
The amino acid sequences of ENAM were compared across nonmammals and six representative mammals, that is, human, mouse, pig, elephant, opossum, and platypus. The alignment resulted in total of 1498 positions including insertions and deletions (fig. 4) . In the following, if not mentioned, the amino acid positions refer to those in this alignment. The alignment of all available amino acid sequences of mammalian ENAM was published elsewhere (AlHashimi et al. 2009 ).
The estimation of dN/dS is problematic because dS is highly likely saturated for the sequences shown in figure 4 of this study. Indeed, the divergence of the major groups of placental mammals occurred around 100 Ma, and it is known that the synonymous substitution is likely to be saturated within such a long period (Gojobori 1983) .
The sequence variations of ENAM among the different lineages can be an indication of different functional constraints. Indeed, it is generally admitted that the mutation rate on synonymous sites is quite constant in different lineages (molecular clock). Our analysis indicates that the molecular clock is rejected in all cases (high P values) (supplementary material S5, Supplementary Material online). Although we cannot exclude the possibility of a change in mutation rate in the various lineages, it is rather unlikely, and the differences in amino acid sequences can be an indication of change of functional constraints among the different lineages.
The phylogenetic tree built using ENAM sequences in figure 4 highlights the presence of longer branches in platypus and mouse compared with the other tetrapods (supplementary material S6, Supplementary Material online). Concerning the mouse such a long branch is generally interpreted as the consequence of the combined effects of short generation times (driving a higher mutation rate) and large population size (resulting in more effective selection against mildly deleterious mutations). In contrast, the long branch obtained with platypus ENAM is probably the result of change of functional constraints in this lineage. Indeed, only milk teeth are present in juvenile platypus. When the primary teeth are lost, they are replaced with keratinized pads, which means that tooth proteins are no longer useful. We have previously hypothesized that the sequence differences in platypus compared with the other mammalian ENAM sequences could be related to relaxed selective pressures on enamel protein genes (Al-Hashimi et al. 2009 ).
Most variable positions and some short indels that generally concern only a few residues are located in exons 7 and 10. This may mean that functional constraints on each position are weak but not that there is no selective pressure on the amino acid regions encoded by these exons. Most of exon 7, for instance, encodes for a large part of the proline/ glutamine-rich domain. In mammalian ENAMs, this region is composed of 100-130 amino acids and is characterized by a large percentage of prolines (from 27% in humans to 33.6% in opossum) and glutamines (18.7-11.7, respectively) , with numerous lysines in humans and glycines and phenylalanines in opossum (supplementary material S2, Supplementary Material online). This P/Q-rich region is conserved in frog (121 aa), lizard (162 aa), and crocodile (151 aa) ENAM. The percentage of prolines in these nonmammalian ENAM is roughly similar to that observed in mammals, whereas the number of glutamines is slightly higher in nonmammals. These residues are accompanied with a high number of leucines in the frog, glycines and phenylalanines in the lizard, and alanines in the crocodile.
Besides these variable positions, 49 positions are found unchanged (80 when excluding the frog sequence), suggesting their biological significance (fig. 4) . In our recent evolutionary analysis of mammalian ENAM, 25 of these unchanged positions were recognized as being important positions (Al-Hashimi et al. 2009 ). Of the 49 unchanged positions, 39 are located in the N-terminal region (aa 24-340) . This is indicative of high sequence conservation in this region, and particularly in the regions containing the three putative phosphorylated serines identified in porcine ENAM (S 54 , S 251 , and S
276
). This confirms the presence of strong functional constraints acting in these ENAM regions. Two of the three putative glycosylated asparagines (N 309 and N 332 ) are conserved in sauropsids, whereas the third, N 316 , is present in the lizard and frog ENAM but absent in the crocodile (fig. 4) .
These important serines and asparagines are located in the region that corresponds to the so-called 32-kDa ENAM fragment characterized in porcine ENAM (aa 215-350) . This short peptide is the most stable ENAM fragment that remains after MMP20 proteolysis, and it appears as a good candidate region for controlling crystal nucleation or growth as it possesses high affinity to bind apatite crystals (Tanabe et al. 1990 ). In the two reptiles and the opossum, the putative sequence corresponding to porcine 32 kDa should include, if it was similarly sized, the residues encoded by exon 8b (fig. 4 ). Of these 137 residues, 24 were unchanged during tetrapod evolution, that is, approximately 350 My (Hedges 2002) . Most of these conserved positions compose two conserved motifs: GRPPXSNEEGGNPY and GXGGRPPYYSEEMFE. In nonmammalian as well as mammalian ENAMs, the 32-kDa region is characterized by a high proportion of proline and six other amino acids, glycine, serine, threonine, glutamic acid, asparagine, and phenylalanine (see the proportions of amino acids in the nonmammalian ENAMs in supplementary material S2, Supplementary Material online). Therefore, the conservation of these residues in this ENAM region during hundreds of millions of years suggests that a functional constraint keeps this region largely hydrophilic.
For most of the large protein sequence encoded by exon 10 (aa 359-1,108, not shown in fig. 4 ), numerous substitutions and indels hamper correct alignment (low percentage of unchanged residues). These highly variable sequences may Al-Hashimi et al. · doi:10.1093/molbev/msq098 MBE indicate that each position of this ENAM region is not under important functional constraints and evolved differently in the lineages leading to the species analyzed here.
In mammalian ENAMs, an RGD motif (aa 740-742) corresponding to a cell attachment sequence is present in several species (e.g., human, elephant, platypus) but absent in a few other species (e.g., mouse, pig, opossum). In reptilian ENAMs, an RGD motif is absent in this region (fig. 4) . However, in the amphibian, the two reptilian, and the platypus ENAM sequences, additional RGD motif was identified (aa 1,334-1,336 ). This motif is absent in the other mammalian sequences. It is worthy to note that platypus ENAM houses the third RGD motif (aa 1,379-1,381, fig. 4 ).
The six cysteines that are involved in three disulfide bridges (C 1147 -C , which probably forms the third disulfide bridge. In the frog ENAM, the seventh cysteine is present at position C
1126
. The only six or seven amino acids located at the C-terminal extremity are well conserved and two remained unchanged during the evolution of these tetrapods ( fig. 4 ).
Chicken wENAM
In mammals, gene synteny is well conserved on both sides of the EMP gene cluster, with IGJ (immunoglobulin J) and SULT1E1 (sulfotransferase 1) chosen here as dowstream and upstream boundaries, respectively. In humans (genome build 37.1), IGJ, ENAM, and SULTIEI are located on chromosome 4 ( fig. 5A ). In the chicken (genome build 2.1), IGJ and SULT1E1 are annotated on chr. 4 ( fig. 5B) . Therefore, if gene synteny was conserved in sauropsids as in mammals, ENAM should be located in this region of chicken chr. 4. In lizard, IGJ is located in scaffold 209 and SULT1E1 in scaffold 431, whereas the EMP cluster including ENAM is located in scaffold 132, downstream LPL (lipoprotein lipase) and upstream NRG1 (neuregulin 1) ( fig.  5C ). In humans, LPL is not located on chr. 4 but is found on chr. 8, along with NRG1 and FUT10 (fucosyltransferase 10) ( fig. 5D ). In the chicken, LPL, NRG1, and FUT10 are annotated on chr. Z ( fig. 5E ). Finally, in the frog, LPL, NRG1, and FUT10 are found in scaffold 79, whereas ENAM and AMBN are located in scaffold 392 ( fig. 5F ). It is worthy to note that frog ENAM is found in a region which contains several genes (RCHY1: ring finger and CHY zinc finger domain containing 1; CDKL2: cyclin-dependent kinase-like 2; G3BP2: GTPase-activating protein [SH3 domain] binding protein 2; and USO1: USO1 homolog, vesicle-docking protein [yeast]) located on human chr. 4 ( fig. 5A and F) . Taken together, these findings strongly suggest that the gene synteny known in mammals around the EMP cluster could not be conserved in sauropsid genomes. In addition, on chicken chr. 4, several genes are not similarly oriented as in mammals, which suggests occurrence of chromosomal rearrangements ( fig. 5B) . Therefore, in the chicken genome, three target regions were identified as putative housers of wENAM: two regions on chr. 4, one close to IGJ and the other close to SULT1E1, and, more probably, one region on chr. Z, between LPL and NRG1 ( fig. 5B and E) .
In our previous study, in order to find chicken wENAM, these regions of chr. 4 were explored with UniDPlot using the nucleotide sequences of exons encoding well-conserved regions of the putative ancestral mammalian ENAM, but no hits were obtained . In the present study, we looked for wENAM in the same regions using the lizard and crocodile ENAM sequences that are more similar to chicken ENAM than mammalian ones. Again, no hits were obtained, which strongly suggested that ENAM was not present in these regions.
Using the same approach, we explored the region downstream of LPL located in chicken chr. Z. Using the wellconserved 5# sequence of reptilian exon 10, the first hit was obtained in the target region, approximately 43 kb from LPL ( fig. 5D ). Although exhibiting numerous substitutions (as expected when considering the 100 My-long period of gene invalidation), there was no doubt that this sequence belonged to chicken ENAM exon 10. Therefore, we explored carefully the region close to this sequence and obtained the putative sequence of the pseudoexons of chicken ENAM, including exon 8b (supplementary material S7, Supplementary Material online). The chicken wENAM sequence was compared with crocodile ENAM, its closest relative in sauropsid lineage (fig. 6 ). The percentage of nucleotide identity between the two sequences varies for each exon (50-70%, see fig. 6 ).
Discussion
We answered positively our initial question by showing the presence of ENAM in nonmammalian tetrapod lineages, amphibians, and sauropsids. However, these objectives would have not been reached without the availability of the sequenced frog and lizard genomes in databases. Indeed, the only ENAM exons that are accessible by PCR are the two large ones (exons 7 and 10), but these exons are highly variable, as demonstrated in our study. Because of sequence variations in this gene, primer design was not easy, which explains the difficulties previously encountered to identify this gene using PCR. In silico exploration of target regions, inferred from gene synteny in the sequenced genomes of frog and lizard, proved to be a successful method. Using conserved sequences of mammalian ENAM that were previously identified (Al-Hashimi et al. 2009), we obtained full-length sequences of ENAM cDNA in the frog, lizard, and crocodile, and identified the complete gDNA region of frog and lizard ENAM in the sequenced genomes. We also found the chicken wENAM, although 1) the split of the archosaurian lineages leading to the crocodile and the chicken occurred approximately 250 Ma (Hedges 2002) and 2) the common ancestor of modern birds lost the capability to develop teeth 100 Ma . Therefore, all tetrapods possessing teeth covered with enamel probably have ENAM in their genome. , and frog (Xenopus tropicalis) ENAM with the sequences of six species representative of the main mammalian lineages, that is, monotremes (platypus, Ornithorhynchus anatinus, accession no 5 GQ352352), marsupials (opossum, Monodelphis domestica, accession no 5 GQ352349), afrotherians (elephant, Loxodonta africana, accession no 5 GQ352337), leurasiatherians (pig, Sus scrofa, accession no 5 NM_214241), glires (mouse, Mus musculus, accession no 5 NM_017468), and primates (human, Homo sapiens, accession no 5 NM_031889). In crocodile, lizard, and frog ENAM exon 3 is absent. Exon 8b found in the lizard and crocodile is also present in the marsupial ENAM but is absent in the other mammalian species. The residues 359-718, Al-Hashimi et al. · doi:10.1093/molbev/msq098
MBE
Tetrapod ENAMs Push the Origin of ENAM Deep in Vertebrate Evolution
This is the first comparative sequence study of ENAM in representatives of various nonmammalian vertebrates.
Concerning EMP evolution in vertebrates, Sire et al. have previously predicted not only that ENAM was the oldest EMP but also that this gene probably arose more than 500 Ma (Sire et al. , 2006 (Sire et al. , 2007 . Until now, this Nonmammalian Enamelins · doi:10.1093/molbev/msq098 MBE hypothesis was contradicted by the lack of data in nonmammalian tetrapods. Here, we clearly demonstrate that ENAM was present at least in the last common tetrapod ancestor of amphibians and amniotes, more than 350 Ma, that is, a jump of circa 150 My back. However, a large gap remains, which separates this date from the probable origin of ENAM deep in osteichthyan origins, 450-500 Ma. One support for the early origin of ENAM in the common ancestor of tetrapods is the presence of the three EMPs in all tetrapod genomes studied. Indeed, AMEL and then , and in frog scaffold 392 (F). In the lizard, ENAM resides between LPL (lipoprotein lipase) and NRG1 (neuregulin 1), while IGJ (immunoglobulin J) and SULT1E1 (sulfotransferase 1) are located in other scaffolds (data not shown). In the frog, ENAM is found in a region homologous to human chr. 4, between RCHY1 and USO1-G3BP2-CDKL2, while LPL and NRG1 are located elsewhere (F). In the chicken, two chromosomes (chr. 4 and chr. Z) were targeted in order to look for ENAM (B and E). In chr. 4, rearrangements (curved arrows) have occurred either in the chicken or in mammals (A and B). There were, therefore, three possible locations of these genes in the chick: two on chr. 4 (B) and one on chr. Z (E). wENAM was found in the latter, downstream of LPL and upstream of both NRG1 and FUT10. In humans, LPL, NRG1, and FUT10 are located on chr. 8 (D). The genes are depicted by oriented pentagons.
FIG. 6.
Alignment of the nucleotide sequence of the exons encoding crocodile ENAM and the putative exon sequences of chicken wENAM found on chromosome Z. The percentage of nucleotide identity is indicated in parentheses on the right. The entire sequence of exon 7 and exon 10 are not shown as they are variable and cannot be aligned. Al-Hashimi et al. · doi:10.1093/molbev/msq098 MBE AMBN have been already identified in amphibians and both genes show also well-conserved positions in reptiles and mammals (Toyosawa et al. 1998; Shintani et al. 2003) . This means that the three EMPs were already well differentiated when the tetrapod lineages split. In addition, these EMPs arose by gene duplication from a common ancestor, and AMEL and AMBN might be derived from ENAM by gene duplication. Such a differentiation process may take a few tens of millions years though it is generally thought that the substitution rate is higher right after gene duplication (Hurles 2004) . This would push the probable origin of the duplication toward the vertebrate origin.
Further investigations are therefore needed, for instance, in basal sarcopterygians (lungfish and coelacanths), in actinopterygians (polypteriforms, lepisosteiforms, and teleosts), and in chondrichthyans (sharks and rays). Unfortunately, as indicated above, such data are difficult to obtain without the availability of sequenced genomes in representatives of these lineages, and a correct annotation of these genomes. In the currently available teleost genomes, so far we were not able to find EMP orthologues using, for example, gene synteny. However, all teleost species possess enameloid, a well-mineralized tissue resembling enamel and evolutionarily related to the enameloid present in chondrichthyans and larval caudates ). Either EMP genes were translocated on other chromosomes and are now too much changed to be identified in teleost genomes by searching sequence homology or they have disappeared and their role is now played by other members of the SCPP family. Indeed, several other members of the SCPP family have been also identified in teleosts as involved in bone and tooth mineralization. These genes are probably paralogs of the SIBLING (for Small Integrin-Binding Ligand N-linked Glycoprotein) genes (Fisher and Fedarko 2003) , a subfamily of the SCPPs (Kawasaki and Weiss 2003; Kawasaki et al. 2004 Kawasaki et al. , 2005 Kawasaki 2009 ).
Alternatively, the tetrapod EMP genes all arose in the sarcopterygian lineage initially from the odontogenic ameloblast associated (ODAM) gene, as recently suggested by Kawasaki (2009) . The ODAM gene is expressed during the maturation process of both tetrapod enamel and teleost enameloid.
Tetrapod ENAMs Exhibit Different Gene Organization
A Variable, Complex 5# UTR Until now, in mammals, the 5# UTR of ENAM was classically described as being composed of either four exons, exons 1-4, or three exons, as exon 2 is absent in some species. The current nomenclature retained the presence of four exons, and ENAM is classically described as being composed of ten exons (e.g., Hu and Yamakoshi 2003) . This gene structure is uncommon compared with that of the other EMP genes and, more generally, of all SCPP genes, in which the 5# UTR is composed of two exons ( fig. 7) . In addition, mammalian ENAMs possess two translation initiation site (TIS) (Al-Hashimi et al. 2009 ). The first one is located in exon 3, which is unusual for an SCPP gene because it generates a large SP. The second TIS is found in exon 4, which MBE has a similar sequence in all SCPP genes. This particular organization, which probably can lead to two isoforms through alternative splicing of exon 3, was previously discussed in detail (Al-Hashimi et al. 2009 ). The presence of the TIS in exon 3 could be explained through exon shuffling (Gilbert 1978 ), but such an event is rare in vertebrate genomes. Alternatively, exon 3 could be the result of a duplication of the ancestral exon 2 (i.e., the ortholog of the current mammalian exon 4) along with the intronic acceptor and donor splice sites. Further mutations in the copy located upstream changed the environment of the SP and of the cleavage site. In frog and reptilian ENAM, the knowledge of the 5# UTR brings some light to the evolution of this region, although rather complex. First, frog and reptilian ENAMs have a single TIS located in the second exon as expected for an SCPP gene. Therefore, our hypothesis of the recruitment of exon 3 in mammalian ENAM through exon shuffling could be correct. Second, in frog and, probably, in crocodile, the 5# UTR is composed of two exons only: the first noncoding exon (exon 1) and the second exon, named exon 4 because homologue to mammalian exon 4, in which the correct TIS is located ( fig. 7) . Such a feature corresponds to the organization encountered in most SCPPs and was highlighted as one of the major SCPP characteristics (Kawasaki and Weiss 2003) . Such an organization could possibly be the ancestral organization of ENAM. Third, in lizard, the second noncoding exon (exon 2) is present, whereas the TIS is located in the third exon, named exon 4 as homologous to mammalian exon 4.
The situation in the 5# UTR is therefore complex, but worthy of interest for understanding ENAM evolution ( fig. 7) . It seems correct to propose that the ancestral tetrapod ENAM possessed a single noncoding exon 1 followed by an exon, in which the TIS was located, as shown in the frog. In addition, such an organization is similar to that of all SCPPs, which adds support to our hypothesis. Then, the second noncoding exon (ENAM exon 2) was recruited in the amniote lineage, prior to the divergence of sauropsids and mammals. The reason of the presence of the second noncoding exon is still obscure (Al-Hashimi et al. 2009 ). This exon was conserved in lepidosaurs (lizard) and mammals, whereas lost in crocodiles. This hypothesis seems more parsimonious than recruitment of this exon independently in both the lepidosaurian and the mammalian lineages. However, it is difficult to confirm homology of lizard and mammalian exon 2 by sequence similarities because these two noncoding exons have evolved separately for 310 My (Hedges 2002) . Finally, in an ancestral mammal, the third exon (exon 3) housing a TIS was recruited probably from a duplication of the ancestral exon 2 of this gene, as suggested by the number of amino acids from the methionine codon to the last codon encoded in the exon (18 aa) and the following phase 0 intron.
The Additional Coding Exon 8b
When compared with mammals, the two reptilian ENAMs exhibit an additional coding exon, exon 8b. We showed that this exon is probably present in marsupial ENAM, whereas absent in monotremes and placentals. In the latter, however, a pseudoexon 8b, that is, a no longer functional exon, is still detectable in many species, except in rodents. In the frog, the only representative of the amphibian lineage in this study, exon 8b, was not identified. In tetrapods, the following evolutionary scenario for exon 8b could be proposed ( fig. 7 ): 1) in the last common tetrapod ancestor of amphibians and amniotes, the coding sequence of ENAM was composed by seven exons, and this organization was conserved in the amphibian lineage; 2) a duplication of either exon 8 or exon 9 occurred in the amniote lineage leading to the creation of exon 8b. This exon was still present in the ENAM sequence when the two amniote lineages, sauropsids and mammals, diverged. Exon 8b was conserved in sauropsid ENAM, and even in the last toothed common ancestor of modern birds; and 3) in mammals, this exon was invalidated early in the monotreme lineage that separated from the therian lineage 220 Ma. A long period from the first invalidation event may explain why no pseudoexon 8b was recognized in platypus ENAM. In the therian lineage, exon 8b was conserved in the marsupial lineage, but invalidated, probably later, in the common ancestor of the extant placental lineages that diverged 100 Ma (Murphy et al. 2001; Hedges 2002) (fig. 7) .
The presence of exon 8b in these modern species indicates that this exon is of some biological importance in both sauropsids and marsupials, otherwise it would have accumulated mutations and invalidated during the 310 My of sauropsid evolution (Hedges 2002) or the 190 My of marsupial evolution (van Rheede et al. 2006) . Five residues are unchanged when comparing the four available sequences in the crocodile, the lizard, and the two marsupials.
Frog and Reptilian ENAMs Support the Putatively Important Function of Some Residues
The comparison of frog and reptilian ENAM sequences with sequences of representative mammalian ENAMs revealed that 47 amino acids have been unchanged for 350 My of tetrapod evolution. Some of these important residues are regrouped into motifs. When compared with our data set of ENAM sequences in mammals (36 species; Al-Hashimi et al. 2009), we found that 25 of these positions are unchanged in all ENAMs studied so far (fig. 4) . These data add more weight to our recent findings, suggesting that such conserved positions are of high biological importance in mammals (Al-Hashimi et al. 2009 ). In addition to elucidate the putative ancestral condition of tetrapod EN-AM, these new data allow us to predict that amino acid substitutions in these unchanged positions would lead to an ENAM-associated genetic disease (type 2 amelogenesis imperfecta: AIH2). Many single amino acid substitutions, which either reduce the efficiency of the protein or lead to important disorder, have already been observed in many proteins including amelogenin and alcohol dehydrogenase (Chen et al. 2009 ).
Most of the 25 well-conserved amino acids identified in tetrapod ENAM belong to the 32-kDa fragment, a keystone of this protein (Al-Hashimi et al. 2009 ). The main role of Al-Hashimi et al. · doi:10.1093/molbev/msq098 MBE this peptide is probably to initiate enamel mineralization (Tanabe et al. 1990; Uchida et al. 1991; Yamakoshi 1995; Hu and Yamakoshi 2003) . In mammals, the 32-kDa fragment contains two phosphorylated serines and three glycosylated asparagines that do have important functions, including, among others, adsorption onto apatite crystals (phosphorylated Ser) and protection against precocious degradation by MMP20 (glycosylated Asn) (Hu and Yamakoshi 2003) . Our study supports such important biological functions in showing that the corresponding sequence of porcine 32 kDa in the frog and the two reptiles possess these two serines and at least two asparagines at the right place. It is worth to note that the replacement of one of these phosphorylated serines by a leucine (p.S216L) was recently reported to lead to amelogenesis imperfecta (Chan et al. forthcoming) .
Chicken wENAM and Lizard ENAM Location Support Translocation of EMPs
In the chicken, wENAM is present on chromosome Z. This location was unexpected from gene synteny observed for the surrounding region of mammalian ENAM. This explains why our previous search for ENAM in the target region of chr. 4 was unsuccessful . Chicken wENAM would not be discovered without the knowledge of the location of ENAM in scaffold 132 of the currently assembled lizard genome, between LPL and NRG1. Although confirmation of this location is needed through both the annotation of these genes on a lizard chromosome and the location of the ENAM gene in the crocodile genome, one could suspect that the EMP gene cluster was translocated in sauropsids from a chromosome homologous to, for example human chr. 4, to the current location on chr. Z in the chicken. Indeed, in the frog, EMP genes reside in a region homologous to a region of human chr. 4, a finding that strongly supports translocation in sauropsids. In order to confirm this hypothesis, further investigations are necessary; for instance, finding the EMP genes in another amphibian lineage, for example in caudates, the sister group to the frogs, and/ or better annotating lizard and frog chromosomes.
Chicken wENAM sequence exhibits many substitutions and indels that occurred randomly for about 100 My. Random occurrence of mutations in this invalidated gene explains why nucleotide sequence similarity of each exons is low when compared with crocodile ENAM, the closest living relative of birds. Both the chicken and the crocodile are terminal taxa of lineages that separated 250 My (Hedges 2002) . However, presence of pseudoexon 8b sequence in chicken suggests that this exon was functionally important in the lineage leading to modern birds until their tooth loss, for about 150 My after the separation of the bird and crocodile lineages.
Data Deposition
GenBank accession no. for Xenopus (Silurana) tropicalis enamelin mRNA 5 EU642606; Anolis carolinensis enamelin mRNA 5 GU198361; Crocodylus niloticus enamelin mRNA 5 GU344683; Gallus gallus enamelin pseudogene 5 GU198360
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